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Abstract 
 
EFFECT OF TOOTH ANGULATION, ARCHWIRE MATERIAL AND VIBRATION ON 
RESISTANCE TO SLIDING IN CONVENTIONAL TWIN BRACKETS.  
 
DEGREE DATE: JANUARY 29, 2018.  
LILIAM HERNANDEZ, D.M.D.  
COLLEGE OF DENTAL MEDICINE NOVA SOUTHEASTERN UNIVERSITY 
Thesis Directed by: Abraham B. Lifshitz, D.D.S., M.S., Committee Chair 
Cristina Garcia-Godoy, D.D.S., M.P.H., C.C.R.P., Committee Member 
Gisela Contasti, D.D.S., Committee Member 
 
Objective: The purpose of this study was to evaluate the effect of bracket angulation, 
archwire material, and vibration on the resistance to sliding of orthodontic brackets to 
slide along an archwire. Background: In Orthodontics, resistance to sliding generated at 
the wire-bracket interface has a bearing on the force transmitted to the teeth. Resistance 
to tooth movement in orthodontics can occur in one of two ways. One, is when a 
practitioner closes a space at an extraction site and the brackets slide along the archwire. 
The other is when teeth tip, and the angulation between the bracket and archwire 
produces binding and notching. In both situations, friction takes place because the 
archwire-bracket combination produces resistance to sliding through static and kinetic 
friction. For these reasons, resistance to sliding becomes a concern of all practitioners. 
Orthodontic appliance manufacturers frequently design innovations aimed towards 
improving the efficiency of tooth movement. Among these innovations are new 
orthodontic wires (e.g., friction-reducing Black-Ti archwire), different bracket designs 
(e.g., self-ligating), and the application of vibration, (e.g., AcceleDent) during active 
orthodontic tooth movement. Methods: In order to measure and compare resistance to 
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sliding of orthodontic brackets along an archwire, and the effect of bracket angulation, 
archwire material and vibration, two test apparatuses were constructed using two 
simulated bone blocks. Standard 0.022” x 0.028” slot twin orthodontic brackets (0° tip, 0° 
torque, no offset) were bonded to maxillary first premolar typodont teeth for each of the 
test apparatuses. Test Apparatus 1 was assembled with a 0° angulation between the 
brackets’ slots bonded to each tooth. Test Apparatus 2 was assembled with a 5° 
angulation on the bracket located on the middle (center bracket). Three different wires: 
0.019” x 0.025” Black-Ti, 0.019” x 0.025” conventional NiTi and 0.019” x 0.025” SS 
were ligated to the conventional twin brackets with elastomeric modules. The wires were 
pulled to slide along the brackets’ slots using a Universal Testing Machine at a crosshead 
speed of 5 mm/min for 1 minute.  The vibration device was turned on the vibration group 
at the 0 second point, and applying 30Hz vibratory force to the teeth for the entire test. 
Results: Vibration significantly reduced resistance to sliding for 0.019” x 0.025” Black-
Ti wire, 0.019” x 0.025” conventional NiTi and 0.019” x 0.025” SS at both 0° and 
5°angulations (p<0.05). The Black-Ti wire presented the highest values of all tested 
groups in resistance to sliding when no vibration was applied and 5° angulation between 
the brackets slots and the wire exist. Conclusions: The results of this in vitro study show 
that the degree of angulation between the wire and the brackets’ slots (5° vs 0°) was the 
most important variable influencing the resistance to sliding of orthodontic brackets 
along the archwire. Vibration plays an important role on sliding resistance, showing a 
statistically significant reduction in resistance to sliding in the orthodontic bracket-wire 
interface, when compared to the control group in which vibration was not applied.  
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Chapter 1: Introduction  
 
1.1. Background 
During orthodontic treatment, resistance to sliding generated at the wire-bracket 
interface has a bearing on the force transmitted to teeth. Resistance to tooth movement in 
orthodontics can occur in one of two ways. One, is when a practitioner closes a space at 
an extraction site and the brackets slide along the archwire. The other is when teeth tip 
and the angulation between the bracket and archwire produces binding and notching. In 
both situations, friction takes place because the archwire-bracket combination produces 
resistance to sliding through static and kinetic friction. For these reasons, resistance to 
sliding becomes a concern for all practitioners. 
In recent years, orthodontic appliance manufacturers have introduced innovative 
designs aimed towards accelerated orthodontic tooth movement and reduced treatment 
time. Accelerating orthodontic tooth movement has long been desired for its multiple 
potential benefits, including shorter treatment time, reduced side effects (decalcification, 
root resorption, and open gingival embrasures), and improved post treatment stability.1 
Although numerous innovations in design and manufacturing of fixed appliances have 
been advocated, there is little evidence demonstrating a significant influence of bracket 
design or archwire characteristics on the rate of tooth movement.2 In addition to the 
different arch-wire alloys and bracket designs influencing frictional resistance, vibration 
from forces of mastication has also been alluded in changing frictional forces at the 
archwire-bracket interface.3 Early research involving vibrational appliances and 
orthodontic tooth movement in animal models demonstrated approximately 15% more 
tooth movement after being subjected to vibration for 8 minutes a day for 21 days when 
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compared with a control group without vibration.4 Vibrational force applied to Macaca 
Fuscata monkeys for 1.5 hours per day over 3 weeks was reported to accelerate tooth 
movement 1.3 to 1.4 times faster than loading a static force. This could be considered 
clinically significant if it is found in humans.4,5 Recently, the development of AcceleDent 
(OrthoAccel Technologies, Inc.), a hands-free device that provides vibration, has exposed 
the orthodontist to a new technology that could potentially  have an effect  on friction and 
rate of tooth movement.6  
Furthermore, in the past few decades, a number of wire alloys with a wide 
spectrum of mechanical properties have been introduced, adding versatility to orthodontic 
treatment.7 Ideally, archwires are designed to move teeth with light continuous forces. 
Such forces may reduce patient discomfort, tissue hyalinization, and undermining 
reabsorption. Nonetheless, several properties and characteristics should be considered in 
the search for the ideal archwire.8 Three different archwires were included in the study: 
0.019” x 0.025” Black-Ti, 0.019” x 0.025” conventional NiTi and 0.019” x 0.025” SS, in 
order to compare the difference in resistance to sliding. 
1.2. Friction in Orthodontics 
Friction plays an important role in orthodontic treatment, and for that reason, it 
has been the focus of many studies. Several studies have evaluated the magnitude of 
friction and it has been shown that the force needed to move teeth decreases with less 
friction; consequently, improving treatment efficiency and ultimately reducing treatment 
time.3,6 
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Rossouw10, Drescher11, and Dickson12  described friction as a force that slows 
down or resists the relative motion of two objects in contact.10 The direction of friction is 
tangential to the common boundary of the two surfaces in contact.11 As two surfaces in 
contact slide against each other, two components of total force arise: the frictional force 
(F) and the normal force (N) perpendicular to the contacting surfaces and to the frictional 
force.11,12 Frictional force is directly proportional to the contacting surfaces and to the 
frictional force component.10 Frictional force is directly proportional to the normal force, 
such that F = µN, where µ = coefficient of friction.13 The static frictional force is the 
smallest force needed to start the motion of solid surfaces that were previously at rest 
with each other, whereas the kinetic frictional force is the force that resists the sliding 
motion of one solid object over another at a constant speed (Figure 1).9,14,15 
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Figure 1. Components of frictional force.9 
 
Burrow stated that all surfaces are more or less irregular, and the physical 
explanation of friction is in terms of true area of contact, which is determined by 
asperities (Figure 2), and the force with which the surfaces are drawn together.15  
  
5	
	
 
 
Figure 2. The physical explanation of friction.15 16 
 
 During sliding mechanics, there is a quasi-static thermodynamic process, meaning 
that tooth movement arises slowly and goes through a sequence of states that are close to 
equilibrium. Forces and resistance to sliding change as the tooth slides through the wire,  
tips, has a biologic response, uprights as bone remodels around the root, and then tips 
again.15 
Kusy and Whitley17 divided resistance to sliding into three categories: (1) friction, 
static or kinetic (FR), due to contact of the wire with bracket surfaces; (2) binding (BI), 
created when the tooth tips or the wire flexes generating contact between the wire and the 
corners of the bracket, and, (3) notching (NO), when permanent deformation of the wire 
occurs at the wire-bracket corner interface. This often appears under clinical conditions 
(Figure 3). Tooth movement stops when a notched wire catches on the bracket corner and 
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resumes only when the notch is released.17 With this new description of friction in 
orthodontics, Kusy and Whitley stated that the resistance to sliding of an archwire is 
equal to the sum of its frictional resistance added to binding and notching forces.18 
RS = (FR) + BI + NO 
 
 
Figure 3. Notching.15 
 
 
Frictional forces have an effect on sliding mechanics, therefore, knowledge and 
consideration of the frictional forces generated within an orthodontic appliance are 
necessary to determine the proper active-force magnitudes required to achieve a clinically 
desirable rate of tooth movement.19  
Teeth moving along an archwire in a similar manner was described by Rossouw 
et al as the “stick-slip” phenomenon.20 This Stick-Slip phenomenon appears in clinical 
situations when a tooth is retracted by an orthodontic force applied to an attachment 
located any distance away from the center of resistance of the tooth.3 When friction is 
analyzed in the fixed appliance system, the “stick-slip” behavior takes place intraorally. 
Due to the slow sliding speed of the brackets sliding against the wire , the wire will 
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occasionally get “stuck” until enough force is produced to break the junctions between 
the two surfaces.21 According to Savoldi and Rossouw et al, it is impossible to 
differentiate between static and kinetic friction at extremely slow speed.20,22 Objects 
moving at such slow speeds alternate between extended periods of no movement and 
periods of rapid movement.20  
 
1.3. Bracket-Archwire Stick-Slip Phenomenon 
 
 During sliding mechanics, teeth slide along the archwire when the bracket slot 
and the archwire are parallel; the resistance to sliding between the bracket and the 
archwire is affected by classic friction.3 With a parallel configuration, the contact angle 
between the bracket slot and the archwire is 0° and the bracket slides through the wire 
with minimal contact. In clinical situations, this scenario hardly ever exists. When teeth 
start to move, tipping almost always takes place, leading to the bracket slot and archwire 
surfaces no longer being parallel. Friction increases proportionally as the contact angle 
increases.23 Thus, binding and notching of the archwire appears giving way to the ‘stick’ 
phenomenon. As the tooth uprights, the wire is released from this constrained 
configuration within the bracket slot giving way  to  the “slip” phenomenon (Figure 4).24  
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Figure 4. (A-B) Passive configuration when contact angle between bracket slot and 
archwire = 0. Archwire and bracket slot do not touch each other. (C) Active 
configuration, when archwire start to contact the corners of the bracket slot and 
binding starts.24 
 
 
The elimination of the Stick-Slip phenomenon which momentarily decreases the 
surface contact between the bracket slot and the archwire will reduce the resistance to 
sliding of the brackets sliding along the archwire.3 Overall resistance to sliding values 
between orthodontic brackets and wire increase with angulation, but the relative 
efficiencies of particular material fluctuates; for that reason, Black-Ti wire was included 
in this study.25Articolo and Kusy concluded that when more than 3° of angulation 
between the archwire and the bracket slot exist binding equaled or exceeded frictional 
resistance.25 
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1.4. Vibration to Accelerate Tooth Movement 
 
Vibration creates forces and all forces have magnitude, direction, and point of 
application.26 Teeth do not recognize what causes the forces they experience.26 Forces of 
mastication create vibrations of specific magnitude and direction on the teeth as a 
function of time.26 The effect of oral forces from mastication in reducing friction between 
the bracket and archwire was recognized in 1970 by Hixon et al, concluding that the 
forces of mastication allowed the wire to slide through the molar tubes more easily.27  
Other forms of vibrations take place during speaking, jogging, and/or clenching the teeth. 
These vary from thousands of repetitions per second and minute magnitudes of force, to 
fractions of cycles per minute and hundreds of newtons of force (1N = one fourth 
pound).26,28 Therefore, orthodontic appliances are exposed to forces that push, pull, twist, 
and turn teeth. In spite of this, only a few in vitro studies have incorporated vibrations at 
the bracket-wire interface to simulate the effects of mastication. Although these studies 
used arbitrary amounts of vibration, they demonstrated that steady-state models 
overestimate the impact of friction without taking into consideration the oral environment 
dynamics.27-29 Liew was the first to use an oscillating force of 25 to 400 cN at 90 Hz on 
an archwire as it was hauled through a bracket. The oscillating force reduced resistance to 
sliding by 60% and 85% with 25 and 100 cN of wire displacement force, respectively.3 
Studies performed by Braun,29 O’Reilly,30 Olson,3 and Seo,31 have revealed that 
vibration can release binding of the archwire from the bracket slot, consequently reducing 
resistance to sliding (stick-slip phenomenon) between the bracket and archwire. This 
effect may accelerate both, the alignment and space closure phases of fixed appliance 
orthodontic treatment.2 These findings have motivated orthodontic manufacturers to 
10	
	
develop vibrational devices for patient use during active orthodontic treatment as a 
method of reducing orthodontic treatment time diminishing binding and notching.2,32-34  
Vibrational force has been used to potentially increase bone mass in astronauts 
exposed to prolonged periods of microgravity and in patients susceptible to bone loss, 
such as postmenopausal women and those confined to a wheelchair or bed.35A study 
published by Nishimura in 2008, concluded that the application of vibration might 
accelerate orthodontic tooth movement by increasing the activity of the cells in the PDL 
(periodontal ligament) with no additional damage to periodontal tissue.36 
Several devices have been designed to deliver vibrational force directly to the 
dentition and are now commercially available. Among the commercially available 
devices, AcceleDent (OrthoAccel Technologies, Inc.) (Figure 5), is a hands-free vibration 
appliance approved by the Food and Drug Administration to accelerate orthodontic tooth 
movement with daily use.1 The device comprises an activator unit and a removable 
mouthguard, delivering a vibrational force at a frequency of 30 Hz and a force of 0.2 N. It 
requires the patient to bite onto a vibrating thermoplastic mouthguard, contacting the 
occlusal surface of the maxillary and mandibular dentitions. The manufacturer 
recommends its use for 20 minutes/day as a supplement to fixed appliance treatment 
accelerating tooth movement and reducing treatment time.2 Accelerating the speed of 
orthodontic tooth movement should contribute to shortening the treatment time. This 
would be beneficial because prolonged treatment times is a negative aspect of orthodontic 
treatment.36 
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Figure 5. AcceleDent device. 
 
 
1.5. Importance of the Study  
 
Purpose, Specific Aims and Hypothesis 
1.5.1. Purpose:  
To determine the effect of bracket angulation, archwire material, and vibration on 
the resistance to sliding of orthodontic brackets to slide along an archwire. 
1.5.2. Specific Aims:  
1. To measure and compare resistance to sliding among Black-Ti archwire, 
conventional NiTi archwire, and SS archwire when vibration is applied. 
2. To measure and compare resistance to sliding among Black-Ti archwire, 
conventional NiTi archwire, and SS archwire when vibration is not applied.  
3. To measure and compare resistance to sliding among Black-Ti archwire, 
conventional NiTi archwire, and SS archwire with 0° angulation between 
12	
	
the wire and the brackets’ slots. 
4. To measure and compare resistance to sliding among Black-Ti archwire, 
conventional NiTi archwire, and SS archwire with 5° angulation between 
the wire and the brackets’ slots. 
1.5.3. Hypothesis: 
1. There is no statistically significant difference in the resistance to sliding 
among Black-Ti archwire, conventional NiTi archwire, and SS archwire 
when vibration is applied.  
2. There is no statistically significant difference in the resistance to sliding 
among Black-Ti archwire, conventional NiTi archwire, and SS archwire 
when vibration is not applied.  
3. There is no statistically significant difference in resistance to sliding 
between brackets and archwires with 0° angulation between the wire and the 
brackets’ slots. 
4. There is no statistically significant difference in resistance to sliding 
between brackets and archwires with 5° angulation between the wire and the 
brackets’ slots. 
1.5.4. Alternative Hypothesis: 
1. There is statistically significant difference in the resistance to sliding among 
Black-Ti archwire, conventional NiTi archwire, and SS archwire when 
vibration is applied.  
2. There is statistically significant difference in the resistance to sliding among 
Black-Ti archwire, conventional NiTi archwire, and SS archwire when 
13	
	
vibration is not applied.  
3. There is statistically significant difference in resistance to sliding between 
brackets and archwires with 0° angulation between the wire and the 
brackets’ slots. 
4. There is statistically significant difference in resistance to sliding between 
brackets and archwires with 5° angulation between the wire and the 
brackets’ slots. 
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Chapter 2: Materials and Methods 
 2.1. IRB Approval 
IRB approval was not required to conduct this research. 
2.2. Ethical Issues 
No potential ethical issues were identified as part of this research study. 
2.3. Grant 
The study was funded by the Health Professions Division at Nova Southeastern 
University. 
2.4. Materials Used 
a) Simulated Bone Blocks: Two simulated bone blocks (Pacific Research Laboratories, 
Vashon, WA) were used to fabricate Test Apparatus 1 and 2. The blocks were provided 
by the Department of Orthodontic and Dentofacial Orthopedics at Nova Southeastern 
University. The simulated bone blocks were used to resemble clinical conditions of the 
dental alveolus. The blocks were fabricated from solid, rigid polyurethane foam based on 
the ASTM F-1839-0837,38 material testing standards. The densities used were 40 pcf for 
cortical bone layer and 15 pcf for cancellous bone layer. 37,38 
b) Teeth: Six upper Typodont right first premolars (Kilgore Int., Coldwater, TX) were 
used in the study. Typodont teeth were used to standardize testing and avoid anatomical 
variations.  
c) Brackets: Six maxillary right first premolar standard 0.022” x 0,028” slot twin 
orthodontic brackets (0° tip, 0° torque, no offset) (American Orthodontics, Sheboygan, 
WI). Brackets tip and torque were zero in an attempt to eliminate second and third order 
effects on frictional resistance.39 
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d) Silicone: Heavy body silicone (Aquasil impression material Dentsply Caulk, Milford, 
DE) was used to fabricate the transfer guide for accurate bracket placement. Light body 
silicone (Aquasil Soft impression material Dentsply Caulk, Milford, DE) was used to 
hold the typodont teeth on the saw bone blocks. 
e) Ligation Material: Elastomeric modules (American Orthodontics, Sheboygan, WI). 
f) Wires: Three different wires alloys were used in the study (Ortho Organizers, Inc. 
Carlsbad, CA). 
0.019” x 0.025” Black-Ti archwire.  
0.019” x 0.025” conventional NiTi archwire.  
0.019” x 0.025” SS archwire.  
g) Vibration: AcceleDent Aura (OrthoAccel Technologies, Inc.) from the Department of 
Orthodontic and Dentofacial Orthopedics of Nova Southeastern University. AcceleDent 
device provided 30 Hz of vibration. 
h) Instrument: Universal Testing Machine (Instron, Canton, MA) at the Health 
Professions Division’s Bioscience Research Laboratory at Nova Southeastern University 
College of Dental Medicine. 
2.5. Study Description  
To achieve a power of 80% with an a of 0.05 and an effect size of 0.25 (Cohen’s 
F), two different angulations (0° and 5°), one type of bracket, three wires alloys, and the 
presence and absence of vibration were used in this study. The effect size was based on 
previous studies that showed statistical significance 40 along with the G power analysis. 
This provided us with a sample size of 120 specimens. The 120 specimens were divided 
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into two groups of 60 each, one group with 0°angulation and the other with a 5° 
angulation. The two samples groups were then divided into two different subgroups of 30 
specimens each, one subgroup subjected to vibration, and the other without vibration. 
The specimens were subdivided into three different groups of ten (n=10), corresponding 
with the three different wire alloys included in the study (Figure 6). 
Figure 6. Flow chart of the groups. 
Two saw bone blocks were used to fabricate two test apparatuses. Three 
perforations were drilled on each saw bone block to simulate the dental alveolus. Each 
hole was separated 15mm from each other to maintain a constant inter-bracket distance 
during the study. The saw bone blocks were mounted on an adjustable surveyor table, and 
parallel holes were drilled into the blocks with a 10 mm carbide drill bit mounted on a 
0° Angulation             
Test Apparatus 1
n=60
W Vibration
n=30
Black-Ti
n=10
NiTi
n=10
SS
n=10
W/O Vibration
n=30
Black-Ti
n=10
NiTi
N=10
SS
n=10
n = 120
Samples 
5° Angulation 
Test Apparatus 2
n=60
W Vibration
n=30
Black-Ti
n=10
NiTi
n=10
SS
n=10
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n=30
Black-Ti
n=10
NiTi
n=10
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n=10
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drill press (Figure 7 & 8).41
 
Figure 7. Adjustable surveyor table. 
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Figure 8. Saw bone blocks with perforations simulating dental alveolus. 
 
A 0.022” x 0.028” slot standard twin orthodontic bracket (0° tip, 0° torque, no 
offset) was bonded in the center of the crown, mesiodistally and occlusogingivally on a 
typodont tooth with Superglue (Loctite® Super Glue) (Figure 9). An impression of the of 
the typodont tooth with the bonded bracket was made with heavy body silicone to 
fabricate a transfer guide. The impression only covered the crown and half of the bracket. 
The transfer guide was used to standardize bracket position on the remaining typodont 
teeth. All brackets were bonded to the typodont teeth using the same adhesive material 
(Loctite® Super Glue) and transfer guide (Figure 10).  
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Figure 9. Typodont tooth with bracket bonded. 
 
 
Figure 10. Silicone transfer index for brackets placement. 
 
 
Test Apparatus 1 was assembled with a 0° angulation between the brackets’ slots 
bonded to each tooth.  To ensure their leveling relative to each other prior to insertion 
20	
	
into the silicone, the brackets bonded to the typodont teeth were leveled with a straight 
piece of a 0.021” x 0.025” SS wire. The typodont teeth were placed in the perforations 
drilled in the saw bone blocks in such a way that the brackets’ slots were in the same 
horizontal plane (Figure 11).  
 
 
Figure 11. Test Apparatus 1. 
 
The teeth were held in place on the Test Apparatus by filling the perforations with 
light body silicone. This prevented tipping of the teeth but allowed for slight vibration, 
simulating the periodontal ligament. The brackets were ligated to the wire with 
elastomeric modules (American Orthodontics, Sheboygan, WI).  
To fabricate test Apparatus 2, the first and third teeth were placed so that the 
brackets’ slots were parallel and in the same horizontal plane, and the tooth in the middle 
was angulated 5° to the horizontal plane. To implement the angulation of the middle 
tooth, a 0.021” x 0.025” SS wire with a 5° Z bend was used to guide the final middle 
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tooth position on the Test Apparatus 2 (Figures 12 & 13). To perform the 5° Z Bend, a 5° 
angle was drawn in a paper and the bend on the wire was made following the template.  
 
Figure 12. 0.021” x 0.025” SS wire with 5° Z Bend. 
 
 
 
Figure 13. 0.021” x 0.025” SS wire with 5° Z Bend. Ligated to typodont teeth. 
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Figure 14. Test Apparatus 2. 
 
For each wire subgroup, the straight section of a preformed 0.019” x 0.025” 
Black-Ti, 0.019” x 0.025” conventional NiTi and 0.019” x 0.025” SS wires were ligated 
to the twin brackets with elastomeric modules. In order to standardize ligation force, a 
waiting period of three minutes.42  
Each group was tested without vibration, and then with vibration delivered by the 
AcceleDent device. The AcceleDent was attached to the occlusal surface of the typodont 
teeth on the Test Apparatuses using cable ties (Commercial Electric, Home Depot, 
U.S.A., Inc.) The cables ties were tightened just enough to avoid any slippage of the 
AcceleDent and maintain the device in place during the test. To standardize the 
tightening force the same amount for each trial run, the cable ties were marked with a 
sharpie permanent marker. 
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2.6. Experiment  
Test apparatus 1 was placed into the Universal Testing Machine and secured with 
compression grips to guarantee the specimen was clamped tightly (Figure 15). The wire 
tested was clamped to the load cell with a compression grip. The Universal Testing 
Machine was set to run at a crosshead speed of 5mm/min with a force from 0 to 500 N 
for one minute.40 The force needed to slide the wire through the bracket slots was 
measured in Newtons (N). Data collection initiated at the 0 second point finished at the 
5mm sliding distance. The average resistance to sliding was calculated by averaging the 
force while the wire was pulled from 1 mm up to 5 mm. To avoid material fatigue, each 
test was repeated 10 times with a new wire each time (Figure 16).  
After completing the test on Test Apparatus 1, Test Apparatus 2, was inserted in 
the machine and the same protocol was replicated. On Both Test Apparatuses, 
AcceleDent was turned on at the 0 second point delivering the 30Hz vibratory force to 
the typodont teeth. Maximum static friction and mean kinetic friction were calculated for 
each test run. To avoid inconsistency in the Universal Testing Machine measurements, 
the machine was calibrated prior to each test.  
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Figure 15. Universal Testing Machine. 
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Figure 16. Universal Testing Machine with AcceleDent. 
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2.7. Statistical Analysis 
The analytic plan also included the analysis of the descriptive statistics. To 
determine the effect of wire alloy, angulation and vibration on the resistance to sliding of 
orthodontic brackets along an archwire a three-way ANOVA was done. To analyze the 
differences between the groups a Tukey’s Pairwise Comparison test was done.	 
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Chapter 3: Results  
The maximum static and mean kinetic friction were recorded for each test over a 
5 mm sliding distance. The fixed effects were wire alloy (Black-Ti, NiTi, SS), angulation 
(zero vs five), and vibration (vibration vs no vibration). The interaction of all three 
variables was assessed.  
3.1. Descriptive Statistics for Maximum Static and Mean Kinetic Friction  
The descriptive statistics for maximum static and mean kinetic friction are listed 
in Tables 1 & 2 respectively. When no angulation (0°) between the wire and the bracket 
slot existed and vibration was present, the Black-Ti wire recorded the lowest maximum 
static friction, whereas the SS wire exhibited the highest maximum static frictional 
values. Among the 0° angulation group, without vibration, the lowest maximum static 
frictional forces were recorded with the NiTi wire and the SS wire exhibited the highest 
maximum static frictional values. A similar trend was observed for mean kinetic friction, 
except when vibration was applied, where NiTi wire exhibited the lowest mean kinetic 
frictional values.  
When 5° of angulation was examined, both with and without vibration, SS 
recorded the lowest maximum static and mean kinetic frictional values. When vibration 
was applied to the 5° angulation group, NiTi wire exhibited the highest frictional values 
between the three wires. Without vibration, the Black-Ti wire recorded the highest 
values. The relationship between wires, angulation, and vibration can be observed in 
Figures 17 & 18. 
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Wire Alloy No Vibration No Vibration  Vibration Vibration 
  0 Degrees 5 Degrees  0 Degrees 5 Degrees 
Black-Ti 
N 10 10  10 10 
Mean 0.51 1.02  0.27 0.66 
SD 0.05 0.15  0.16 0.37 
Min 0.41 0.81  0.08 -0.06 
Max 0.58 1.29  0.47 1.09 
       
NiTi 
N 10 10  10 10 
Mean 0.46 0.85  0.38 0.86 
SD 0.11 0.14  0.10 0.19 
Min 0.21 0.68  0.21 0.56 
Max 0.56 1.07  0.55 1.13 
       
Stainless Steel 
N 10 10  10 10 
Mean 0.64 0.45  0.46 0.42 
SD 0.11 0.16  0.11 0.07 
Min 0.44 0.02  0.20 0.31 
Max 0.83 0.55  0.62 0.53 
Table 1. Descriptive Statistics Maximum Static Friction. 
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Wire Alloy No Vibration No Vibration  Vibration Vibration 
  0 Degrees 5 Degrees  0 Degrees 5 Degrees 
Black-Ti 
N 10 10  10 10 
Mean 0.45 0.96  0.41 0.63 
SD 0.03 0.14  0.10 0.32 
Min 0.39 0.76  0.25 0.01 
Max 0.49 1.22  0.52 0.98 
  
  
 
  
NiTi 
N 10 10  10 10 
Mean 0.43 0.76  0.37 0.89 
SD 0.10 0.14  0.08 0.23 
Min 0.22 0.59  0.24 0.61 
Max 0.53 0.99  0.53 1.38 
  
  
 
  
Stainless Steel 
N 10 10  10 10 
Mean 0.61 0.43  0.41 0.36 
SD 0.08 0.07  0.12 0.06 
Min 0.47 0.29  0.14 0.26 
Max 0.73 0.51  0.60 0.44 
Table 2. Descriptive Statistics Mean Kinetic Friction. 
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Figure 17. Maximum Static Friction by Vibration, Degree, and Wire Alloy. 
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Figure 18. Mean Kinetic Friction by Vibration, Degree, and Wire Alloy. 
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3.2. Statistical Analysis of Data 
 
A statistically significant difference on the dependent variables was considered to 
be one that would have taken place by chance in less than five of every one hundred 
observations (p ≤ 0.05). 
For the maximum static friction, the wire alloy, vibration, and degrees of 
angulation, each showed a significant difference.  
The eta-squared values indicate that the degree of angulation was the most 
important variable in maximum static friction, presenting a value of 23.6%, whereas 
vibration accounts for 7.3% and the wire alloy for 5.9% (Table 3). 
 
Wire Alloy  F(2,108) = 9.77, p < 0.001, ( 2 = 5.9%) 
Degrees  F(1,108) = 77.40, p < 0.001, ( 2 = 23.6%) 
Wire Alloy by Degrees  F(2,108) = 40.36, p < 0.001, ( 2 = 24.6%) 
Vibration  F(1,108) = 24.02, p < 0.001, ( 2 = 7.3%) 
Wire Alloy by Vibration  F(2,108) = 7.32, p < 0.001, ( 2 = 4.5%) 
Degrees by Vibration  F(1,108) = 0.41, p = 0.525, ( 2 = 0.1%) 
Wire Alloy by Degrees by Vibration F(2,108) = 1.93, p = 0.151, ( 2 = 1.2%) 
Table 3. Summary of ANOVA test for Maximum Static Friction. 
 
A significant difference in maximum static friction was observed in the 
interaction between wire alloy and degree of angulation and wire alloy and vibration. But 
the combination of wire alloy, and degree of angulation and vibration did not exhibit a 
significant difference in maximum static frictional values, which accounted for only 1.2% 
η
η
η
η
η
η
η
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variability. The combination of wire alloy and degree of angulation was responsible for 
24.6% and wire alloy combined with vibration revealed a variability of 4.5%.  
 For maximum kinetic friction angulation between the wire and the bracket slot, 
wire alloy and vibration exhibited significant differences accounting for 21.5%, 9.5%, 
and 3.8% variability in mean kinetic friction, respectively (Table 4). 
 
Wire Alloy F(2,108)=15.82,p <0.000, ( 2  = 9.5%) 
Degrees F(1,108)=71.89,p <0.000, ( 2  = 21.5%) 
Wire Alloy by Degrees F(2,108)=41.07,p <0.000, ( 2  = 24.6%) 
Vibration F(1,108)=12.75,p <0.001, ( 2  = 3.8%) 
Wire Alloy by Vibration F(2,108)=6.01,p =0.003, ( 2  = 3.6%) 
Degrees by Vibration F(1,108)=0.04,p =0.852, ( 2  = 0.0%) 
Wire Alloy by Degrees by Vibration F(2,108)=7.78,p <0.001, ( 2  = 4.7%) 
Table 4. Summary of ANOVA test for Mean Kinetic Friction. 
 
 
 There was a statistically significant difference in the combination between wire 
alloy and degree of angulation (24.6%), and wire alloy and vibration (3,6%), even though 
no statistically significant difference was observed in the interaction of all three variables 
or in the combination of degree of angulation and vibration (Figures 19 & 20).  
 A Tukey’s Pairwise Comparison test was performed where statistically significant 
differences were observed between either dependent or independent variables. The results 
of the maximum static and mean kinetic friction were similar (Tables 5 & 6). 
η
η
η
η
η
η
η
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Figure 19. Pie chart of three–way ANOVA for Maximum Static Friction. 
 
  
 
 
Figure 20. Pie chart of three–way ANOVA for Mean Kinetic Friction. 
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Comparison Difference Lower 95% CI 
Upper 
95% CI p-value 
Wire Alloy     
NiTi vs Black-Ti 0.02 -0.06 0.11 0.822 
SS vs Black-Ti -0.13 -0.21 -0.04 0.002 
SS vs NiTi -0.15 -0.23 -0.06 0.000 
Angle and Vibration     
50 vs 00 0.26 0.20 0.32 0.000 
V vs. NV -0.14 -0.20 -0.09 0.000 
Wire Alloy by Degrees     
(Black-Ti 5) vs (Black-Ti 0) 0.45 0.31 0.60 0.000 
(NiTi 0) vs (Black-Ti 0) 0.03 -0.12 0.18 0.994 
(NiTi 5) vs (Black-Ti 0) 0.47 0.32 0.62 0.000 
(SS 0) vs (Black-Ti 0) 0.16 0.01 0.31 0.029 
(SS 5) vs (Black-Ti 0) 0.04 -0.11 0.19 0.959 
(NiTi 0) vs (Black-Ti 5) -0.43 -0.57 -0.28 0.000 
(NiTi 5) vs (Black-Ti 5) 0.01 -0.13 0.16 1.000 
(SS 0) vs (Black-Ti 5) -0.30 -0.44 -0.15 0.000 
(SS 5) vs (Black-Ti 5) -0.41 -0.56 -0.26 0.000 
(NiTi 5) vs (NiTi 0) 0.44 0.29 0.59 0.000 
(SS 0) vs (NiTi 0) 0.13 -0.02 0.28 0.121 
(SS 5) vs (NiTi 0) 0.01 -0.13 0.16 1.000 
(SS 0) vs (NiTi 5) -0.31 -0.46 -0.16 0.000 
(SS 5) vs (NiTi 5) -0.43 -0.57 -0.28 0.000 
(SS 5) vs (SS 0) -0.12 -0.26 0.03 0.222 
Wire Alloy by Vibration     
(Black-Ti V) vs (Black- NiTi NV) -0.30 -0.45 -0.15 0.000 
(NiTi NV) vs (Black- NiTi NV) -0.11 -0.26 0.04 0.251 
(NiTi V) vs (Black- NiTi NV) -0.14 -0.29 0.00 0.062 
(SS NV) vs (Black- NiTi NV) -0.22 -0.37 -0.08 0.000 
(SS V) vs (Black- NiTi NV) -0.33 -0.48 -0.18 0.000 
(NiTi NV) vs (Black- NiTi V) 0.19 0.04 0.34 0.005 
(NiTi V) vs (Black- NiTi V) 0.16 0.01 0.30 0.035 
(SS NV) vs (Black- NiTi V) 0.07 -0.07 0.22 0.691 
(SS V) vs (Black- NiTi V) -0.03 -0.18 0.12 0.994 
(NiTi V) vs (NiTi NV) -0.03 -0.18 0.12 0.989 
(SS NV) vs (NiTi NV) -0.11 -0.26 0.04 0.246 
(SS V) vs (NiTi NV) -0.22 -0.36 -0.07 0.001 
(SS NV) vs (NiTi V) -0.08 -0.23 0.07 0.618 
(SS V) vs (NiTi V) -0.18 -0.33 -0.03 0.007 
(SS V) vs (SS NV) -0.10 -0.25 0.05 0.344 
V = vibration and NV = no vibration: 0 = 0 degrees and 5 = 5 degrees 
SS= Stainless Steel 
Table 5. Pairwise comparisons for significant effect on Maximum Static Friction. 
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Comparison Difference Lower 95% CI 
Upper 
95% CI p-value 
Wire Alloy     
NiTi vs Black-Ti 0.00 -0.08 0.08 1.000 
SS vs Black-Ti 0.16 -0.24 -0.08 0.000 
SS vs NiTi -0.16 -0.24 -0.08 0.000 
Angle and Vibration     
50 vs 00 0.22 0.17 0.28 0.000 
V vs. NV 0.09 -0.15 -0.04 0.001 
Wire  Alloy by Degrees     
(Black-Ti 5) vs (Black-Ti 0) 0.36 0.23 0.50 0.000 
(NiTi 0) vs (Black-Ti 0) -0.03 -0.17 0.10 0.983 
(NiTi 5) vs (Black-Ti 0) 0.39 0.26 0.53 0.000 
(SS 0) vs (Black-Ti 0) 0.08 -0.05 0.21 0.515 
(SS 5) vs (Black-Ti 0) -0.03 -0.17 0.10 0.977 
(NiTi 0) vs (Black-Ti 5) -0.39 -0.53 -0.26 0.000 
(NiTi 5) vs (Black-Ti 5) 0.03 -0.10 0.16 0.986 
(SS 0) vs (Black-Ti 5) -0.28 -0.42 -0.15 0.000 
(SS 5) vs (Black-Ti 5) -0.40 -0.53 -0.26 0.000 
(NiTi 5) vs (NiTi 0) 0.43 0.29 0.56 0.000 
(SS 0) vs (NiTi 0) 0.11 -0.02 0.24 0.159 
(SS 5) vs (NiTi 0) 0.00 -0.14 0.13 1.000 
(SS 0) vs (NiTi 5) -0.31 -0.45 -0.18 0.000 
(SS 5) vs (NiTi 5) -0.43 -0.56 -0.29 0.000 
(SS 5) vs (SS 0) -0.11 -0.25 0.02 0.144 
Wire Alloy by Vibration     
(Black-Ti V) vs (Black- NiTi NV) -0.18 -0.32 -0.05 0.002 
(NiTi NV) vs (Black- NiTi NV) -0.11 -0.24 0.03 0.183 
(NiTi V) vs (Black- NiTi NV) -0.08 -0.21 0.06 0.567 
(SS NV) vs (Black- NiTi NV) -0.18 -0.32 -0.05 0.002 
(SS V) vs (Black- NiTi NV) -0.32 -0.45 -0.18 0.000 
(NiTi NV) vs (Black- NiTi V) 0.07 -0.06 0.21 0.585 
(NiTi V) vs (Black- NiTi V) 0.11 -0.03 0.24 0.193 
(SS NV) vs (Black- NiTi V) 0.00 -0.13 0.13 1.000 
(SS V) vs (Black- NiTi V) -0.13 -0.27 0.00 0.048 
(NiTi V) vs (NiTi NV) 0.03 -0.10 0.17 0.981 
(SS NV) vs (NiTi NV) -0.07 -0.21 0.06 0.580 
(SS V) vs (NiTi NV) -0.21 -0.34 -0.08 0.000 
(SS NV) vs (NiTi V) -0.11 -0.24 0.03 0.190 
(SS V) vs (NiTi V) -0.24 -0.37 -0.11 0.000 
(SS V) vs (SS NV) -0.13 -0.27 0.00 0.049 
V = vibration and NV = no vibration: 0 = 0 degrees and 5 = 5 degrees 
 
Table 6. Pairwise comparisons for significant effect on Mean Kinetic Friction. 
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Comparison Difference Lower 95% CI 
Upper 
95% CI p-value 
(Black-Ti by NV by 5) vs (Black-Ti by NV by 0) 0.51 0.29 0.72 0.000 
(Black-Ti by V by 0) vs (Black-Ti by NV by 0) -0.04 -0.26 0.18 1.000 
(Black-Ti by V by 5) vs (Black-Ti by NV by 0) 0.18 -0.04 0.40 0.207 
(NiTi by NV by 0) vs (Black-Ti by NV by 0) -0.02 -0.24 0.19 1.000 
(NiTi by NV by 5) vs (Black-Ti by NV by 0) 0.31 0.09 0.53 0.000 
(NiTi by V by 0) vs (Black-Ti by NV by 0) -0.08 -0.30 0.14 0.983 
(NiTi by V by 5) vs (Black-Ti by NV by 0) 0.43 0.22 0.65 0.000 
(SS by NV by 0) vs (Black-Ti by NV by 0) 0.16 -0.06 0.38 0.381 
(SS by NV by 5) vs (Black-Ti by NV by 0) -0.02 -0.24 0.20 1.000 
(SS by V by 0) vs (Black-Ti by NV by 0) -0.04 -0.26 0.18 1.000 
(SS by V by 5) vs (Black-Ti by NV by 0) -0.09 -0.30 0.13 0.971 
(Black-Ti by V by 0) vs (Black-Ti by NV by 5) -0.55 -0.76 -0.33 0.000 
(Black-Ti by V by 5) vs (Black-Ti by NV by 5) -0.33 -0.54 -0.11 0.000 
(NiTi by NV by 0) vs (Black-Ti by NV by 5) -0.53 -0.74 -0.31 0.000 
(NiTi by NV by 5) vs (Black-Ti by NV by 5) -0.19 -0.41 0.02 0.129 
(NiTi by V by 0) vs (Black-Ti by NV by 5) -0.59 -0.80 -0.37 0.000 
(NiTi by V by 5) vs (Black-Ti by NV by 5) -0.07 -0.29 0.15 0.995 
(SS by NV by 0) vs (Black-Ti by NV by 5) -0.35 -0.56 -0.13 0.000 
(SS by NV by 5) vs (Black-Ti by NV by 5) -0.53 -0.74 -0.31 0.000 
(SS by V by 0) vs (Black-Ti by NV by 5) -0.55 -0.76 -0.33 0.000 
(SS by V by 5) vs (Black-Ti by NV by 5) -0.59 -0.81 -0.38 0.000 
(Black-Ti by V by 5) vs (Black-Ti by V by 0) 0.22 0.00 0.44 0.043 
(NiTi by NV by 0) vs (Black-Ti by V by 0) 0.02 -0.20 0.23 1.000 
(NiTi by NV by 5) vs (Black-Ti by V by 0) 0.35 0.13 0.57 0.000 
(NiTi by V by 0) vs (Black-Ti by V by 0) -0.04 -0.26 0.18 1.000 
(NiTi by V by 5) vs (Black-Ti by V by 0) 0.48 0.26 0.69 0.000 
(SS by NV by 0) vs (Black-Ti by V by 0) 0.20 -0.02 0.42 0.103 
(SS by NV by 5) vs (Black-Ti by V by 0) 0.02 -0.20 0.24 1.000 
(SS by V by 0) vs (Black-Ti by V by 0) 0.00 -0.22 0.22 1.000 
(SS by V by 5) vs (Black-Ti by V by 0) -0.05 -0.26 0.17 1.000 
V = vibration and NV = no vibration: 0 = 0 degrees and 5 = 5 degrees 
 
Table 6. Continued. Pairwise comparisons for significant effect on Mean Kinetic 
Friction.  
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Chapter 4: Discussion   
The purpose of the study was to determine the effect of bracket angulation, 
archwire material and vibration on the resistance to sliding of orthodontic brackets to 
slide along an archwire, using 0.019” x 0.025” Black-Ti wire, 0.019” x 0.025” 
conventional NiTi and a 0.019” x 0.025” SS wire. To simulate a clinical scenario, where 
the teeth are misaligned and frequently binding and/or notching of the wire occurs, a 5° 
of angulation on the middle bracket was done.  
The results for this study show that the maximum static friction and the mean 
kinetic friction for all groups were less significant when vibration was applied. These 
results are similar to previous studies, 3,6,40,43,44 where it was demonstrated that vibration 
significantly reduced resistance to sliding of orthodontic brackets along an archwire. 
From these findings, it can be assumed that vibration releases the binding between the 
bracket and the wire reducing the force needed to overcome static friction. Future studies 
are needed to address whether vibration, as an adjunct to orthodontic treatment, activates 
signaling pathways for faster tooth movement.45 
This study concurred with the results of previous studies, 12,46-48 which concluded 
that frictional resistance increased significantly with increased bracket to wire angulation 
due to binding and/or notching. These effects are more evident when using sliding 
mechanics to close or open space in the dental arch. Controlling these phenomena that 
cause resistance to sliding may improve the efficiency of the orthodontic treatment.  
The only exception was the behavior of the SS wire which presented a higher 
mean kinetic friction and maximum static friction at 0° angulation. These results can be 
attributed to the use of light body silicone utilized to hold the teeth in the simulated dental 
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alveolus; the frictional force of SS  may be so strong that it compresses the teeth into the 
silicone, creating a “cushion effect,” altering the results.49 The average PDL space in 
human is about 0.2 mm, and teeth in function tend to have a wider space, particularly in 
the cervical and apical portions.50 One possible explanation could be that the material 
used to simulate the PDL may have different physical properties from human tissue. 
In contrast, these findings differ from those of De Franco et al, in which the 
moment generated when there is an angulation between the bracket slot and the SS wire 
exhibited three times as much resistance to sliding in comparison with NiTi wire.13,51,52 
Despite the efforts to standardize testing conditions and minimize method errors that 
resulted from variation in angle between the brackets’ slots and direction of movement, 
the variation in frictional force measurements among the tested samples was 
considerable. As Clocheret et al28 reported, most researchers have used different 
protocols or methodologies to evaluate the frictional resistance generated in the archwire-
bracket interface. Consequently,  the published results of many studies are difficult to 
compare.56 The ability to appropriately simulate mechanical behaviors of the tooth-PDL-
bone complex is critical for  in vitro studies and its impact in frictional resistance is  still 
unclear.57   
The Black-Ti wire exhibited the highest frictional resistance. This finding is 
consistent with previous studies, where it was reported that nickel-titanium wires exert a 
higher frictional resistance compared to SS orthodontic wires.13,47,53,58,59 On the other 
hand, Black-Ti wire also exhibited the lowest values of frictional resistance when 
vibration was applied. These results may possibly be attributed to the stiffness of the 
wire.28,50 
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Even though there was a waiting period of three minutes to assure stress 
relaxation of the elastomeric ligature and reproducibility of ligature force, ligation force 
was unmeasured; thereby, confounding the value of the reported frictional force.25 The 
same limitation was also found in previous studies that attempted to explain the effect of 
frictional forces on resistance to sliding.58,60   
 
4.1. Limitations, Implications and Future Studies 
Frictional resistance was measured in vitro, at room temperature, under dry 
conditions, and on a simplified model. This study, like any in vitro study, cannot 
accurately simulate intraoral clinical conditions, where a large number of unpredictable 
and uncontrollable variables are involved. Future studies are needed before suggesting 
recommendations for clinical application.   
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Chapter 5:  Conclusions  
The results of this in vitro study showed that: 
 
Conclusion 1: There was a statistically significant difference in resistance to 
sliding among orthodontic archwires when vibration was applied. 
 
Conclusion 2: There was a statistically significant difference in resistance to 
sliding among SS archwire and Black-Ti archwire when vibration was applied. 
 
Conclusion	 3:	 There was no statistically significant difference in resistance to 
sliding among orthodontic archwires with 0° angulation between the bracket slot and the 
wire. 
 
Conclusion 4: There was a statistically significant difference in resistance to 
sliding among orthodontic archwires with 5° angulation between the bracket slot and the 
wire. 
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Appendix  
 
 
Method description Stainless Steel 
Sample description No Vibration, 0- degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.58426 > 0.49090 
2 > 0.52283 > 0.44170 
3 > 0.51313 > 0.44164 
4 > 0.53430 > 0.46038 
5 > 0.49560 > 0.45955 
6 > 0.50527 > 0.46060 
7 > 0.41370 > 0.38978 
8 > 0.44806 > 0.41848 
9 > 0.50094 > 0.46345 
10 > 0.56759 > 0.48615 
 
 
Method description Stainless Steel  
Sample description Vibration, 0-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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50	
	
 
 
51	
	
 
 
 
 
 
 
52	
	
 
 
 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.35774 > 0.34222 
2 > 0.46757 > 0.42700 
3 > 0.44419 > 0.37710 
4 > 0.10557 > 0.51355 
5 > 0.08411 > 0.49293 
6 > 0.09181 > 0.49852 
7 > 0.10678 > 0.51630 
8 > 0.31345 > 0.24749 
9 > 0.29989 > 0.25879 
10 > 0.43218 > 0.43566 
 
Method description Stainless Steel  
Sample description No vibration, 5-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 1.22215 > 1.13993 
2 > 1.00345 > 0.93766 
3 > 1.04304 > 0.93739 
4 > 1.07854 > 1.01745 
5 > 1.02617 > 0.94789 
6 > 0.81233 > 0.76304 
7 > 0.89355 > 0.85054 
8 > 0.91821 > 0.86143 
9 > 0.95738 > 0.89077 
10 > 1.28802 > 1.21943 
 
 
Method description Stainless Steel  
Sample description Vibration, 5-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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63	
	
 
 
 
 
 
 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.70997 > 0.65507 
2 > 0.90733 > 0.87114 
3 > 1.08790 > 0.98121 
4 > 0.73440 > 0.71010 
5 > 0.82975 > 0.76617 
6 > 0.88424 > 0.85085 
7 > 0.07785 > 0.09488 
8 < -0.06229 > 0.01149 
9 > 0.69307 > 0.64746 
10 > 0.77313 > 0.72646 
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Method description NiTi  
Sample description No Vibration, 0-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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68	
	
 
 
 
 
 
 
69	
	
 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.56178 > 0.52990 
2 > 0.50859 > 0.48719 
3 > 0.53951 > 0.49470 
4 > 0.53723 > 0.49211 
5 > 0.51927 > 0.49323 
6 > 0.44845 > 0.41791 
7 > 0.47289 > 0.45102 
8 > 0.20539 > 0.21641 
9 > 0.39002 > 0.34128 
10 > 0.37326 > 0.36350 
 
 
 
Method description NiTi  
Sample description Vibration, 0-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.37444 > 0.37082 
2 > 0.44187 > 0.43951 
3 > 0.46613 > 0.39896 
4 > 0.57887 > 0.53468 
5 > 0.34088 > 0.36762 
6 > 0.35703 > 0.33267 
7 > 0.21215 > 0.23790 
8 > 0.37180 > 0.40075 
9 > 0.34482 > 0.27529 
10 > 0.31125 > 0.34235 
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Method description NiTi  
Sample description No vibration, 5-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
 
 
 
76	
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79	
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 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 1.06547 > 0.99133 
2 > 0.84806 > 0.80411 
3 > 1.04602 > 0.94171 
4 > 0.75876 > 0.65813 
5 > 0.98764 > 0.85440 
6 > 0.67766 > 0.61947 
7 > 0.88621 > 0.82986 
8 > 0.82240 > 0.72795 
9 > 0.75011 > 0.61425 
10 > 0.68817 > 0.58794 
 
 
 
Method description NiTi  
Sample description Vibration, 5-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 1.12919 > 0.93802 
2 > 0.75531 > 0.73446 
3 > 0.86326 > 0.68367 
4 > 0.86645 > 0.82002 
5 > 0.56156 > 0.61318 
6 > 0.90643 > 1.38220 
7 > 0.96887 > 0.96495 
8 > 0.57301 > 0.67657 
9 > 1.04127 > 1.03954 
10 > 0.97890 > 1.00788 
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Method description Black-Ti 
Sample description No vibration, 0-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.60125 > 0.56010 
2 > 0.64057 > 0.61479 
3 > 0.54743 > 0.56243 
4 > 0.44420 > 0.47461 
5 > 0.60295 > 0.57503 
6 > 0.83086 > 0.73465 
7 > 0.58067 > 0.56120 
8 > 0.72938 > 0.68096 
9 > 0.62874 > 0.61819 
10 > 0.75864 > 0.72452 
 
 
 
 
Method description Black-Ti  
Sample description Vibration, 0-degree of angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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96	
	
 
 
 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.54554 > 0.43793 
2 > 0.20309 > 0.14255 
3 > 0.47175 > 0.46225 
4 > 0.40708 > 0.43687 
5 > 0.46628 > 0.39424 
6 > 0.49551 > 0.39303 
7 > 0.39329 > 0.32216 
8 > 0.62138 > 0.60331 
9 > 0.52656 > 0.46695 
10 > 0.46281 > 0.44607 
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Method description Black-Ti  
Sample description No vibration, 5-degree angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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100	
	
 
 
101	
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 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.48569 > 0.42445 
2 > 0.55118 > 0.49632 
3 > 0.49517 > 0.39387 
4 > 0.01905 > 0.28963 
5 > 0.53526 > 0.48699 
6 > 0.54188 > 0.50764 
7 > 0.47881 > 0.44407 
8 > 0.43279 > 0.37858 
9 > 0.51823 > 0.48390 
10 > 0.41002 > 0.40511 
 
 
 
Method description Black-Ti  
Sample description Vibration, 5-degrees angulation  
Number of specimens in sample 10 
Speed 5.000 mm/min 
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107	
	
 
 
 First Peak (Load 
10 % Change) 
(kgf) 
Average Load at 
Average Value 
(Integral) 
(kgf) 
1 > 0.53100 > 0.42304 
2 > 0.48604 > 0.42903 
3 > 0.48263 > 0.43942 
4 > 0.39331 > 0.34972 
5 > 0.32211 > 0.25805 
6 > 0.31332 > 0.27551 
7 > 0.46641 > 0.40483 
8 > 0.42270 > 0.37159 
9 > 0.34779 > 0.30668 
10 > 0.41635 > 0.37958 
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